T
he Arctic is rapidly warming, and higher spring temperatures are increasing the snow-free period (Serreze et al. 2000) . The impact of warming in the Arctic is exacerbated because the increase in length of the growing season is relatively large. Because decomposition in the arctic tundra has historically been slower than plant growth , there is a large accumulation of carbon (C) in partially decomposed and nutrient-poor plant detritus in tundra soils (Post et al. 1982) . It has been suggested that higher soil temperatures will cause the tundra to lose C as a consequence of elevated decomposition rates of soil organic matter (SOM) . It has also been argued that warming will increase the rate at which nitrogen (N) and other nutrients are released from SOM decomposition. Since SOM decomposition in arctic tundra soils is nutrient limited (Mack et al. 2004 ), C losses from SOM could be further enhanced. Because plant productivity is also N limited in tundra ecosystems (Shaver and Chapin 1980 , Shaver et al. 1986 , Shaver and Kummerow 1992 , increased N availability is likely to enhance plant growth (Mack et al. 2004 ). Higher rates of plant N uptake would shift N from SOM to plants, which would lead to an increase in ecosystem C storage because plant material has a wider C:N ratio than SOM. Higher primary productivity would allow the tundra to be a sink for atmospheric C only if the increases were enough to offset increased C losses from SOM, however. The potential for a change in the C balance of arctic tundra ecosystems is therefore constrained by the effects of climate change on soil N cycling . The direction of the system's shift is unclear; it depends on linkages between soil C and N cycling, which in the tundra have been poorly understood. This article synthesizes the results of several recent studies that shed some light on the processes likely to control changes in the C balance of arctic ecosystems with warming.
Research area
The research described here was conducted in several tundra communities on the north slope of the Brooks Range in the Alaskan Arctic. Because most of the C stored in the Arctic is in the moist and wet ecosystems of the low Arctic, we focus on these areas (Oechel 1989 . They include the two predominant moist tundra communities in the Alaskan Arctic, tussock tundra and shrub tundra, as well as wet meadow tundra. Tussock tundra is the most common vegetation type of the northern foothills of the Brooks Range, and is dominated by the tussock-forming sedge Eriophorum vaginatum, interspersed with feather mosses (e.g., Hylocomium splendens and Dicranum elongatum) and Sphagnum rubellum, and a mix of scattered shrubs (Salix spp., Betula nana, Vaccinium vitis-idaea) . The mosses and shrubs are largely restricted to the spaces between the 10-to 30-centimeter (cm) tussocks, which we call "intertussock." The cover of organic soil varies between 0 and 20 cm thick in tussock tundra, and the soil is always moist (Shaver and Chapin 1991) . Shrub tundra is found in upland sites and along water tracks (Shaver and Chapin 1991) , and is dominated by Salix pulchra and B. nana, with several other shrubs as lesser components (e.g., V. vitis-idaea). Shrub tundra usually occurs on welldrained, gravelly soils, which are covered with a thin mat of moss and organic matter, typically 2 to 10 cm thick (Shaver and Chapin 1991) . In other parts of the Arctic (i.e., northeastern Canada and western Siberia), shrub tundra is more common than tussock tundra (see www.geobotany.uaf.edu/ cavm/finalcavm/index.html for a circumpolar map of arctic vegetation; Bliss and Matveyeva 1992) . Wet meadow tundra occurs in flat, low-lying areas where there are usually 1 to 10 cm of standing water, thick accumulations of peat (typically > 30 cm), and a shallow thaw depth (25 to 30 cm; Shaver and Chapin 1991) . Permafrost prevents the deep drainage of water, isolates plants from mineral soil, and keeps the soil flooded and cold. The dominant plants in wet meadow communities are the rhizomatous sedges Carex aquatilis and Eriophorum angustifolium, interspersed with some Eriophorum scheuchzeri and other sedges. Wet meadow tundra becomes the dominant plant community farther north on the arctic coastal plain, where the soil is typically saturated.
Soil organic matter decomposition and nitrogen availability
Temperature, the quality of organic matter inputs, and soil water have been identified as the primary controls on decomposition rates (Kielland 1990 . Most studies, however, treat SOM as an amorphous black box that mineralizes C and N at varying rates in response to biotic and abiotic controls. As a result, our ability to predict the magnitude and variability of changes in mineralization across a warmer future landscape is still limited by our poor understanding of how these factors control SOM decomposition.
The notion that decomposition in arctic tundra soils will increase substantially with warming assumes that the breakdown of this material is limited primarily by environmental conditions, rather than by the inherent recalcitrance of the organic matter. This has been confirmed by laboratory incubations, which have shown that this organic matter has the potential to decompose rapidly, and that some of it may mineralize significant quantities of N . Thus, given more favorable conditions for decomposition, tundra SOM can decompose rapidly and release stored C to the atmosphere and N to the soil. As a result, whether or not tundra ecosystems become a net source for atmospheric carbon dioxide with warming will depend on whether increases in N availability to plants, and the resulting gains in primary productivity, can offset C losses from SOM. Thus, the controls on plant N uptake in the tundra are likely to be the factors determining changes in C storage in arctic tundra ecosystems.
Given its important role in constraining potential changes to the C balance of arctic tundra ecosystems, N availability to plants in tundra soils is poorly understood. The classical model in plant ecology was that plants can only take up inorganic N, which is made available by microbial activity (Vitousek et al. 1979, Schimel and Bennett 2004) . In addition, it was thought that plants competed poorly with soil microbes, and therefore only captured soil resources that soil microbes didn't use (Schimel and Bennett 2004) . Studies on N mineralization in arctic tundra soils, however, have shown that net mineralization rates are too low to account for the amount of N taken up by plants . Thus, assessing plant N uptake in tundra soils has proved difficult.
Research over the last decade suggests that amino acid uptake is likely to be an important component of plant N budgets in tundra systems, and that plants can bypass the microbial N mineralization step by taking up organic N (figure 1; Chapin et al. 1993) . However, the role of soil amino acids and other organic N forms as components of the N cycle and as N sources to plants has not been well quantified. In part, this is because little is known about the seasonal dynamics of amino acids and dissolved organic N in soil, and how they relate to the dynamics of dissolved inorganic N and plant growth. Furthermore, it has been demonstrated that at least one tundra sedge, E. vaginatum, can take up the adenine (a nucleic base) and choline (an amine) as intact molecules, in addition to a range of amino acids (Weintraub and Schimel 2005a ). Thus, depending on their availability in soil, it is possible that other organic N forms beside amino acids may also be components of the N economy of tundra plants, but their importance is unknown. That plants may be using a wider variety of organic N forms than just amino acids, however, makes quantifying the overall importance of organic N in the N economy of tundra plants a significantly more difficult task.
The concentrations of biologically available N forms in soil are controlled by the balance of their production and consumption rates. The release of biologically available N from complexes of insoluble organic matter is mediated by the depolymerization of SOM by microbial extracellular enzymes . The rapid turnover of soil amino acids (Kielland 1995 suggests that extractable concentrations are a snapshot of the balance between production and consumption at any particular time, and are therefore a short-term measure of the amino acids' availability. For amino acids, production rates are controlled by the activities of protein-degrading extracellular enzymes, proteases, which break down proteins into soluble peptides and individual amino acids, and by the direct release of amino acids from soil microbes in response to osmotic changes or as a result of cell lysis Näsholm 2001, Schimel and Bennett 2004) . Microbial turnover and the input of fresh plant detritus are also likely to increase the production of amino acids by providing proteins to proteases.
Thus, proteolysis is the rate-limiting step in the release of peptides and amino acids from the breakdown of soil proteins, the most prevalent N form in soil (Lipson and Näsholm 2001) . Proteolytic activity can be controlled by protein supply to protease enzymes, if they are substrate limited, or by the activity of the enzymes, if they are saturated by a substrate. As microbes produce more extracellular enzymes that must bind to solid substrates, the enzymes have to diffuse farther out from the cells, the substrates must diffuse farther back, and the enzymes can compete with one another for binding sites (Reid 1995, Schimel and . This results in substrate limitation unless the enzyme pool is very small.
Nitrogen uptake from soil
The consumption of biologically available N from the soil by plants and microbes depends on the organisms' physiological capacities for uptake, and on the concentrations of these biologically available N forms in the soil. The controls on the magnitude and timing of nutrient uptake in soil are poorly understood, but microbial N demand is likely to be stimulated by high C availability, whereas nutrient uptake by plants is likely to be controlled by growth form and phenology. Although plant uptake is a direct sink for soil N, plants can also stimulate microbial N immobilization and thereby increase microbial sinks through root exudates and litter inputs. As a result, species-specific patterns in the timing and magnitude of plants' nutrient uptake and C inputs to the soil have the potential to create different patterns of nutrient availability in different plant communities.
It has been hypothesized that for a given species, plant uptake of different N forms is controlled by the relative differences between soil and root uptake rates, with plants competing best for the N forms that microbes take up most slowly. The idea is that C-limited microbes compete better for more C-rich organic N forms (Lipson et al. 1999, Lipson and . It has also been suggested that plants may take up N at times when microbes are less active (Lipson and Näsholm 2001) . A recent study by McKane and colleagues (2002) also suggests that niche separation in N uptake may occur across different N forms, with different plant species competing better for different forms of N. They suggest that the more productive tundra species take up the most abundant N forms available in the soil, while the less productive tundra species depend on scarcer N compounds. These ideas suggest that there should be differences in the uptake rates of different N forms between plant species, and between plants and soil.
However, there are challenges to the hypotheses about nutrient partitioning and the importance of amino acid uptake. First, most studies examining organic N uptake have used a single amino acid (or at most two) as a model (Chapin et al. 1993 , Kielland 1994 , Näsholm et al. 1998 , Nordin et al. 2001 , 2004 , Henry and Jefferies 2003 . Typically, the model amino acid has been glycine, because it is taken up rapidly by plants (Chapin et al. 1993 , Kielland 1995 and slowly by soil microbes (Lipson et al. 1997) , is present in relatively high concentrations in the soil solution, and is therefore hypothesized to be important in plant N nutrition. Although these factors do suggest that glycine may be one of the more important amino acids in soil solution, it comprises less than 9% of the amino acids in both plant structural protein and SOM (Akazawa 1970, Senwo and Tabatabai 1998) . Thus, fully testing hypotheses about amino acid uptake and partitioning will require understanding the dynamics of a wider range of amino acids.
A more direct challenge to theories about differential partitioning of N forms comes from studies that have found that competitive N partitioning between tundra plants and soil differs more by plant species than by N form or sampling date, and that plants compete for a relatively constant fraction of available N Chapin 1996, Weintraub and Schimel 2005a) . These results suggest that differences in root architecture and rooting volume may be more responsible for differences between plant species' abilities to compete for soil N than is partitioning by N form. For example, Weintraub and Schimel (2005a) found that the sedge E. angustifolium took up about 0.5% of added N, regardless of which compound the N was in, and found that C. aquatilis, a co-occurring wet meadow species with a much more extensive fine root network, took up 12% to 16% of added N. Although the uptake experiment in ran longer than that of Weintraub and Schimel (2005a) , their results for E. vaginatum, the predominant moist tundra sedge, were comparable. Taken together, the results from these studies suggest that even within a particular plant community, plant N uptake varies more by species than by N form, and that these differences are probably caused by differences in their roots' access to available N in soil. These results therefore contradict the hypothesis that differences in the uptake rates of different N forms between plant species control their N partitioning.
For individual plant species, Weintraub and Schimel (2005a) found that competitive N partitioning in two tundra sedge species was more consistent than would have been predicted by relative differences in soil and root uptake rates for a variety of different amino acids and other N compounds. This makes sense in light of recent research that suggests that root amino acid transporters have broad specificity (Persson and Näsholm 2002) and that in an N-limited environment, physical access is likely to regulate uptake (Schimel and Bennett 2004) and therefore to be the most important control on plant N acquisition for a given species.
Seasonal dynamics of nitrogen availability
If plant uptake of different N forms in tundra soils depends on their availability, then, to understand plant uptake patterns, it may be important to consider the seasonal dynamics of biologically available soil N pools. Weintraub and Schimel (2005b) found that concentrations of soil amino acids and dissolved inorganic N all abruptly decline at the height of the arctic growing season in July (figure 2). This effect is particularly pronounced in the tussock community, where soil N availability is relatively high before the onset of root growth in E. vaginatum, the dominant plant species (Shaver and Chapin 1980) . After the onset of root growth in July, extractable N concentrations rapidly decline, and remain extremely low for the rest of the growing season. This pattern suggests that low N concentrations in tundra soils at the height of the growing season are probably the result of increased N uptake associated with the peak in root growth (Weintraub and Schimel 2005b) . However, Weintraub and Schimel (2005a) found that E. vaginatum actually competed slightly better for N in June than in July, and that plants were consistently able to compete for soil N when it was available. Thus, plant N acquisition may have declined when soil N availability was decreasing (Weintraub and Schimel 2005b) , despite increased root growth. If plant N uptake did not increase with root growth, then the declines in biologically available soil N pools may not have been caused entirely by increases in plant N uptake, but may also have resulted from significant N immobilization, possibly stimulated by root C inputs to the soil.
The seasonal dynamics of available N in arctic tundra soils therefore indicate that there is increased N demand at the height of the arctic growing season, the result of N uptake by both plants and soil microbes. At the height of the growing season, when amino acid and ammonium concentrations were Weintraub and Schimel 2005c) . The coincidence in timing suggests that increased soil N demand stimulates microbial N acquisition, causing microbes to increase production of proteases. Despite the increase in enzyme activity, proteolysis becomes substrate limited at this time, as the increase in the activity of these enzymes exceeds the availability of soil proteins (Weintraub and Schimel 2005c) . This increase in protease activity also causes the appearance of high concentrations of soluble proteins in the soil solution, as they are liberated from the breakdown of larger, insoluble protein complexes (Weintraub and Schimel 2005c) .
The period during mid-July when N pools and processes are changing so rapidly is an important period for soil phosphate (PO 4 3-) dynamics as well. As N pools crash and protease activities spike, soil PO 4 3-concentrations also spike (figure 4; Weintraub and Schimel 2005b) . Previous research suggests that this is caused by phosphatase enzymes in soil that mineralize organic phosphorus (P) into PO 4 3-, and that these enzymes can be produced both by plant roots and by soil microbes (Moorhead et al. 1993) . Thus, increases in soil P demand and N demand coincide, resulting in increases in the production of enzymes that microbes (and, in the case of phosphatase, plants) use to scavenge these nutrients from organic pools.
The model of nutrient availability that emerges for tundra soils is one in which plants can take up not only mineralized N but also amino acids and other organic N forms released by the breakdown of SOM, which is carried out largely by microbial extracellular enzymes (figure 1). The main controls on N partitioning between plants and soil appear to be plant community composition and the availability and accessibility of N to plant roots. The major transitions in soil N and P pools both occur in mid-July, at the height of the arctic growing season. Thus, fluctuations in soil N and P availability appear to be seasonally driven. The most likely explanation for the rapid shifts in soil nutrient concentrations is that the changes are driven by the onset of rapid root growth. Across the different tundra communities, plant nutrient uptake and root C inputs to the soil at the height of the growing season cause high microbial nutrient demand, stimulating the production of proteases and phosphatases to increase N and P supply from organic matter breakdown, which in turn causes rapid increases in soluble protein and PO 4 3-concentrations in soil. Thus, it appears likely that nutrient pool sizes are driven more by sink than by source processes in tundra soils. That no increases in soil amino acid availability are observed when protease activity increases suggests that amino acid uptake is extremely rapid at this time, and further suggests that the increases in soil enzyme activity are stimulated by high microbial N demand at the peak of the growing season. The timing and magnitude of plant root growth and nutrient uptake appear to be the major factors determining the seasonal dynamics of available nutrients in tundra soils, suggesting that changes in plant community composition have the potential to substantially alter overall nutrient cycling in tundra ecosystems.
Carbon and nitrogen cycling and the changing plant community
The role of shifting plant communities in changing nutrient cycling and the feedbacks to C cycling are particularly important because tundra plant communities are changing. The dominant shrub in the Alaskan arctic tundra, B. nana, is spreading in response to the changing arctic climate, especially in tussock communities (Hobbie 1996, Hobbie and Chapin 1998) . As B. nana in tussock tundra responds to warming with increased growth, the biomass of E. vaginatum decreases (Chapin et al. 1995 , Hobbie et al. 1999 . Shrubs are among the tundra plant species most responsive to environmental change (Bret-Harte et al. 2001 , 2002 . Warmer spring conditions (Serreze et al. 2000) have been shown to promote B. nana growth directly in two ways, first by increasing photosynthesis rates in the early season (Hobbie and Chapin 1998) , and second by causing earlier bud break (Pop et al. 2000) . Since bud break is the critical event that determines growth and development during the growing season for winter deciduous plants (Pop et al. 2000) , earlier bud break along with higher early-season photosynthesis rates is likely to increase the annual productivity of B. nana. While shrub encroachment has been well documented in the Alaskan Arctic (Sturm et al. 2001 , Stow et al. 2004 , there are fewer data available to document this shift in plant community composition in other parts of the Arctic. However, the few data that do exist are consistent with the idea that shrubs are also expanding into tundra plant communities in northern Canada and Russia (Sturm et al. 2005) .
The increased growth of B. nana may also help to change soil conditions in a way that further enhances its spread. Because shrubs trap and hold snow, the soil underneath them is better insulated in the winter (Sturm et al. 2005) . Enhanced insulation elevates temperatures in the active layer of the soil enough that there can be dramatic increases in microbial activity over the course of the winter, due to the increase in the unfrozen water content of the soil (Sturm et al. 2005) . As a result, increased snow depth enhances winter N mineralization . Manipulative experiments and studies of plant community composition suggest that higher nutrient availability, especially in the spring, favors shrub growth (Bliss and Matveyeva 1992 , Chapin et al. 1995 , Arft et al. 1999 , Michaelson and Ping 2003 , Sturm et al. 2005 . Furthermore, the earlier bud break and higher early-season photosynthesis rates associated with warmer spring conditions are likely to increase B. nana's N demand in the early part of the growing season. Enhanced soil insulation under shrubs in the winter may become a positive feedback system, initiated originally by the warming climate, that influences plant community composition by increasing winter N mineralization rates and, as a result, spring N availability in shrub soil, promoting further shrub growth. Increased shrub size and density creates even deeper snow patches and warmer soils, amplifying the positive feedback loop and promoting further growth of shrubs (Sturm et al. 2005) . Thus, B. nana's recent expansion may be explained in part by its ability to promote higher soil N availability in the spring, and in part by its ability to respond directly to warmer spring conditions (Chapin and Shaver 1985) , which helps it to take advantage of the relatively high soil N availability early in the growing season, when solar irradiation is at its peak.
Because shrubs are the woodiest plants in tundra communities, their increasing predominance should promote increased ecosystem C storage by increasing the amount of C stored per unit N. Increased C allocation to wood, which turns over and decomposes slowly (Hobbie 1996) , may promote both plant and soil C storage, and may lower rates of SOM decomposition in shrub soil. Alternatively, faster N cycling in shrub soil , due in part to the high quality of shrub litter, may help to promote higher rates of decomposition of preexisting SOM as shrubs encroach into other tundra communities, especially tussock tundra, where soil microbes are severely N limited Schimel 2003, Mack et al. 2004 ). Furthermore, with increasing shrub dominance, C losses from the soil are likely to increase in the winter because of higher rates of C mineralization in snow-insulated shrub soils (Sturm et al. 2005) . Over time, higher winter soil temperatures under shrubs may also contribute to the mineralization of C that is currently frozen in permafrost (Michaelson et al. 1996 , Sturm et al. 2005 .
Thus, several lines of evidence suggest that changes in arctic soil nutrient availability, SOM decomposition, primary productivity, and ecosystem C storage with climate warming are likely to be mediated by changes in plant community composition with warming. The expansion of the shrub B. nana, especially in tussock tundra, is likely to increase the amount of C stored in plants, to alter the dynamics of soil nutrient pools through changes in the timing and magnitude of plant root growth and nutrient uptake, and to change the dynamics of SOM decomposition by changing litter quality and nutrient availability to soil microbes and by insulating the soil in the winter. The increasing predominance of shrubs in tundra communities is therefore likely to increase both the rate of C storage in arctic ecosystems and the rate of C loss from these systems. Whether a shift toward greater deciduous shrub dominance in the tundra increases net ecosystem C gain or loss will ultimately depend on the balance between (a) plant allocation to relatively recalcitrant shrub woody tissue and (b) decomposition rates of relatively labile shrub litter, fine roots, and stored SOM.
Conclusions
The high potential for increasing decomposition rates of stored SOM in tundra ecosystems suggests that changes in N availability to tundra plants with warming are likely to control changes in the C balance of arctic ecosystems as they warm. Although a variety of different N forms are available for uptake by tundra plants, differences in plant N uptake vary more by plant species than by N form or date. Woody shrubs are increasing in predominance in arctic tundra ecosystems in response to warming. Because there are important differences between shrubs and other tundra plants in C storage, litter decomposition, and the timing of N uptake from the soil, this change in plant community composition is likely to have powerful effects on the C balance of arctic tundra ecosystems, especially moist tundra. As a result, the direct effects of higher temperatures on the factors that control the C balance of arctic ecosystems, such as SOM decomposition rates and soil N availability, may be outweighed by changes in the distribution of woody shrub species stimulated by climate warming.
